The vibration and noise problems caused by the radial electromagnetic force of the Bearingless Switched Reluctance Motor (BSRM) severely restrict its wide application. The purpose of this paper is to research the electromagnetic vibration and noise of Single-Winding Bearingless Switched Reluctance Machine (SWBSRM). Firstly, the radial electromagnetic force, which is the excitation source of electromagnetic vibration, is analyzed. Secondly, the three-dimensional (3D) model of stator structure is established by ANSYS finite element analysis (FEA) software, and its modal analysis is carried out to obtain its modal shape and corresponding modal frequency, which provides a reference and basis for researching the mechanical vibration of the SWBSRM. Finally, the harmonic response field analysis and sound field analysis model are established, and the vibration and noise of the motor under radial electromagnetic force are analyzed by using the magnetic-solid weak coupling analysis method.
INTRODUCTION
Switched Reluctance Motor (SRM) is a doubly salient motor with a simple structure and no winding on the rotor, which has many advantages such as high temperature resistance, flexible control mode, and large mechanical strength. It is suitable for high-speed operation under harsh conditions such as high temperature and aerospace [1] . However, the serious vibration and noise problems caused by its inherent mechanical wear limit its application in a wider field.
Bearingless Switched Reluctance Motor (BSRM) superimposes suspension windings on the stator windings of the original SRM. By reasonable control, it generates both suspension force and electromagnetic torque to realize the suspension and rotation of the motor rotor. On the basis of inheriting the excellent characteristics of SRM, BSRM solves the problems of wear and lubrication caused by mechanical bearings [2] , which has a more extensive application prospect in flywheel batteries [3] , aerospace, and high-speed machine tools.
However, BSRM as a special SRM improves the vibration and noise of SRM to a certain extent, but it also has a double salient structure and a switching power supply, the suspension force and torque, which are still provided by electromagnetic force. Researches show that the pulsating radial electromagnetic force is the source of the vibration in SRM [4, 5] , and when the harmonic frequency of the radial electromagnetic force is consistent with the natural frequency of the stator, resonance causing serious noise problems will occur. Therefore, analyzing the BSRM electromagnetic force plays an important role in studying the electromagnetic vibration and noise of the motor.
In order to solve the problem of vibration and noise, scholars mainly focus on the study of vibration and noise sources of SRM, and a series of optimization schemes and control strategies of its structure [6] [7] [8] to help reduce vibration and noise, but there are few studies on vibration and noise of BSRM. Ref. [9] analyzes the radial electromagnetic force of SRM by using finite element model. Ref. [10] analyzes the modal shape and natural frequency of SRM stator structure. Ref. [11] proposes a new fast computation method for radial vibration in SRM. Ref. [12] introduces the calculation method of radial force in SRM, and the relationship between radial electromagnetic force and electromagnetic vibration is analyzed to predict the noise level at different frequencies accurately. Ref. [13] proposes a new structure with skewed stator and rotor, which is verified by experiments that the structure can reduce vibration and noise effectively. Ref. [14] analyzes the distribution and influence of radial electromagnetic force and electromagnetic in 6/10 pole SRM. Ref. [15] is based on the characteristics of radial force and vibration theory in BSRM and proposes the mathematical model of radial force suitable for BSRM, which combines Maxwell tensor method and magnetic circuit method. Ref. [16] analyzes the radial force model of BSRM with rotor eccentricity, and the correctness of the model is verified by finite element method.
BSRM is divided into two kinds of topologies: Double-Winding Bearing Less Switched Reluctance Machine (DWBSRM) and Single-Winding Bearing Less Switched Reluctance Machine (SWBSRM) [17] [18] [19] [20] . In this paper, a 12/8 pole SWBSRM is taken as the research object to analyze the vibration and noise problem. The transient analysis of SWBSRM electromagnetic field is carried out by 2D finite element model. Then the natural frequency and mode shape of the stator structure are solved by finite element analysis software ANSYS Workbench. Lastly, the magnetic-solid weak coupling analysis method is used to analyze the harmonic response vibration and sound pressure of the stator under the electromagnetic force coupling of ANSYS Workbench simulation platform to research the characteristics of electromagnetic vibration and noise. A general overview of the vibration and noise investigation of SWBSRMs is illustrated in Fig. 1 . 
SWBSRM ELECTROMAGNETIC FORCE ANALYSIS

Structure and Operating Principle of SWBSRM
The structure of 12/8 pole SWBSRM is shown in Fig. 2 , taking phase A as an example, there is only one winding on each stator tooth pole, and each winding is controlled independently. The current flowing into each pole winding can be equivalent to the torque current component and suspension current component. Among them, the torque current component produces quadrupole torque magnetic field which can not only rotate the rotor but also generate a bias magnetic field, and the suspension current component i sAα , i sAβ produces the suspension magnetic field in the direction of α and β, respectively, and then generating controllable radial suspension force in α and β directions to realize rotor suspension. The suspension principle of phase B and phase C is the same as phase A, and they are placed counterclockwise along phase A windings at 30 • and 60 • , respectively. 
SWBSRM Radial Electromagnetic Force Analysis
According to different sources of vibration generated by the motor, it can be mainly divided into: electromagnetic vibration, mechanical vibration, and aerodynamic vibration. Since SWBSRM adopts bearingless design and natural cooling mode, electromagnetic vibration is the main vibration source of the motor. Electromagnetic vibration is caused by the electromagnetic force wave generated by the magnetic field in the air gap of the stator and rotor. This force changes not only with time but also with space. Therefore, it can be decomposed into radial component and tangential component. The tangential component causes the bending deformation of the stator and rotor tooth roots of the motor to produce local vibration, which is a secondary cause of electromagnetic vibration. The radial component causes periodic radial deformation of the stator and rotor of the motor, which is a major factor in the generation of electromagnetic vibration. Therefore, analysis of radial electromagnetic force is essential for the subsequent study of electromagnetic vibration and noise. In this paper, the finite element analysis (FEA) method is used to research the electromagnetic field of SWBSRM. The 2D model of SWBSRM is established by Maxwell software, and the transient analysis of electromagnetic field is carried out to calculate air gap magnetic density and radial electromagnetic force. Its main parameters of three-phase 12/8 pole SWBSRM are shown in Table 1 .
According to the Maxwell stress equation, it is necessary to solve the radial and tangential components of the air gap magnetic field in order to obtain the radial electromagnetic force and tangential electromagnetic force of the inner surface of the stator, but the radial and tangential components cannot be obtained directly by Maxwell; therefore, the radial components and tangential components need to be solved with the help of Maxwell field calculator. In the finite element simulation, the air gap magnetic field needs to be decomposed into the x-axis component and the y-axis component, and then the radial air gap magnetic density and tangential air gap magnetic density can be obtained according to Equations (1) and (2):
The spatial distribution of air gap magnetic density obtained by FEA is shown as follows: Fig. 3 is the radial air gap magnetic density diagram, and Fig. 4 is the tangential air gap magnetic density diagram. It can be seen that the amplitude of tangential air gap magnetic density is small. Therefore, its influence on electromagnetic force wave can be ignored, which verifies that tangential component is the secondary factor of electromagnetic vibration. The maximum amplitude of the radial air gap magnetic density is close to 1 T. Electromagnetic force waves are essentially stresses, and the unit is N/m 2 . According to Maxwell stress tensor method, the radial electromagnetic force density per unit area of stator core can be expressed as follows:
where μ 0 -vacuum permeability; F r -radial electromagnetic force density; F r is related to radial and tangential components of magnetic induction intensity and vacuum permeability. The density of radial electromagnetic force is obtained by FEA, shown in the diagram. The spatial distribution of radial electromagnetic force density is shown in Fig. 5(a) , and the temporal distribution of radial electromagnetic force density is shown in Fig. 5(b) . Fig. 6 is the spatial and temporal 3D distribution of radial electromagnetic force density. Combined with the analysis of Fig. 3, Fig. 5 , and Fig. 6 , it can be seen that the radial electromagnetic force density is large where the radial air gap magnetic density is large, and the electromagnetic force density changes with time and space simultaneously. 
STRUCTURAL MODAL ANALYSIS OF SWBSRM
In order to research the vibration of motor, on the one hand, it is necessary to analyze the excitation source of vibration -radial electromagnetic force. On the other hand, the structural mode of motor should be analyzed. The structural modal analysis of motor mainly includes two important parameters, namely the modal frequency and modal mode. Referring to a large number of references, the methods of modal analysis can be divided into two categories. One is the analytical calculation method, which can get the analytical expression of modal frequency, and this method is fast but has poor accuracy. The other is the energy method, which includes the Fourier series solution and finite element solution. With the rapid development of microcomputer technology, FEA has been widely used due to its high computational accuracy. In this section, the modal analysis of SWBSRM stator structure is carried out by FEA so as to obtain its natural modal frequency and modal shape.
Mathematical Model of Stator Modal
For the convenience of analysis, the SWBSRM stator is regarded as a multi-degree of freedom system, and its coordinates are expressed as r 1 , r 2 , r 3 . . . r N . Using the stiffness method, the motion differential equation of the system is established as follows: 
where m ij -mass coefficient; c ij -damping factor; k ij -stiffness coefficient. The matrix form of Equation (4) can be written as:
where [M ] -mass matrix; [C] -damping matrix; [K] -stiffness matrix; {R} -acceleration vector; {Ṙ} -speed vector; {R} -displacement vector; F (t) -force vector. Generally, when calculating the natural frequency of the stator, SWBSRM is regarded as undamped vibration. Therefore, in the above Equation (5), the damping is neglected. Let {F } = {0}, and the eigenvalue equation of the undamped modal analysis of the stator is:
Making the equation have a non-zero solution, there is:
The natural frequencies and modal modes of the SWBSRM stator are obtained by solving ω and {R} of Equations (6) and (7).
Stator Mode Finite Element Analysis
In this paper, ANSYS is used to establish a 3D finite element structure model as shown in Fig. 8 . Because the weight of the winding is relatively light, and the junction box and mounting feet have little effect on the free vibration frequency of the stator, the model simplifies the winding, junction box, mounting feet, etc. The material parameter is designed as shown in Table 2 . After the stator subdivision is completed, the solution is carried out to analyze the dynamic performance of the stator under the free vibration state. The natural frequencies corresponding to the natural modes of the stator can be obtained by setting the 3D extended mode to 50 and the frequency range to 20 Hz-20 kH which can be heard by the human ear. Fig. 9 shows the basic different modes shapes (m = 2, 3, 4, 5) computation models of SWBSRM stator.
From the simulation results of the 3D FEA of the SWBSRM stator, it can be seen that the vibration modes mainly include ellipse, triangle, quadrangle, and pentagon, which indicates that different shapes correspond to different frequencies. The red color of the stator tooth indicates that the force is relatively large, and the stator groove and yoke are blue-green, demonstrating that the force is relatively small. The natural frequency of the mode is close to the harmonic frequency of the radial electromagnetic force wave at 8000 Hz which is prone to resonance and thus causes large electromagnetic vibration. Through the modal analysis of the SWBSRM stator structure, it can effectively provide reference for motor design and optimization, to prevent the harmonic frequency of the radial electromagnetic force in SWBSRM from being consistent with the natural frequency of the motor during the design of the body, which will generate resonance and damage to the motor.
ANALYSIS OF ELECTROMAGNETIC VIBRATION AND NOISE CHARACTERISTICS
Analysis of Electromagnetic Vibration Characteristics
The electromagnetic vibration of SWBSRM involves the relationship between the electromagnetic field inside the motor and the structure field. It is necessary to consider the problem of the coupling between the parameters of the two physical fields. According to the coupling mode of electromagnetic field and structure field inside the motor, the coupling analysis of motor vibration can be divided into magneticsolid coupling and magnetic-solid weak coupling. Based on the research of the above two coupling modes combined with the purpose of this paper, the magnetic-solid weak coupling analysis method is adopted to analyze the electromagnetic vibration of the motor.
The vibration characteristics analysis of SWBSRM mainly considers the vibration response of the stator structure under the constraint of radial electromagnetic force. Therefore, it is necessary to suppress the torque component in actual operation. This paper uses ANSYS Workbench simulation software to introduce electromagnetic force into the harmonic response analysis field, and the radial electromagnetic force is loaded on the inner surface of the stator as shown in Fig. 10. Fig. 11 shows the vibration nephogram of the motor under the action of radial electromagnetic force.
Figure 10.
Radial electromagnetic force loading diagram. It can be seen from the vibration nephogram that the vibration is generated by the electromagnetic force when the motor rotates causes the stator teeth to periodically deform. The force of the SWBSRM is mainly concentrated on the stator tooth portion, and the force on the stator tooth portion is significantly larger than that on the stator yoke portion and groove portion. Since the negative direction of the x-axis produces a larger radial electromagnetic force, a more pronounced deformation occurs here.
Under the excitation of radial electromagnetic force, the vibration acceleration waveform of the inner surface of the stator is obtained in the range of 0 Hz to 10000 Hz as shown in Fig. 12 . It can be seen from the figure that the peak value of the vibration acceleration of the stator corresponds to the amplitude of the radial electromagnetic force, and the acceleration is also the extreme value at the extreme value of the amplitude when the acceleration extreme frequency is 8000 Hz. It is close to the third-order mode frequency which will lead to resonance, resulting in large vibration noise. 
Analysis of Electromagnetic Noise Characteristics
The research shows that the main reason for the electromagnetic noise of the motor is the vibration of the stator structure. When electromagnetic vibration occurs in SWBSRM, the amplitude and phase of vibration at various points on the outer surface of the motor will change with the change of frequency, and the vibration of the motor at different frequencies will change the distribution of sound pressure level of the motor. Therefore, in order to study the relationship between electromagnetic vibration and electromagnetic radiation sound pressure, it is necessary to establish a 3D structural model of motor sound pressure. This paper builds a sound pressure analysis model based on ANSYS Workbench finite element software. The noise is calculated by loading the speed of the motor surface node that has been calculated in Section 4.1 on the noise analysis model. Fig. 13 shows the motor noise analysis model, and Fig. 14 shows the local velocity loading model. Figure 13 . Noise analysis model. Figure 14 . Local velocity loading model.
When the finite element method solves the motor sound field problem, its sound pressure satisfies the Helmhhotlz Equation (8):
where p -sound field pressure; k -wave number of sound waves; ω -frequency of sound waves; c -speed of sound; ∇ 2 -Laplace differential operator.
Since the difference in the range of numerical changes of the sound pressure is too large, a reference amount is generally introduced, which is expressed in a logarithmic form, called a sound pressure level:
where p r is the sound pressure value to be tested; p 0 is the reference sound pressure, and p 0 = 2×10 −5 /pa To calculate the sound pressure of SWBSRM, it is necessary to define the field point. Two output points of sound pressure value are set up in this paper and shown in Fig. 13 as points A and B, and Fig. 15 is the simulation result of the sound pressure level value of the field point. It can be seen that as the frequency increases, the sound pressure level of SWBSRM also shows an upward trend, and there is an extreme value at 8000 Hz where the noise is the largest. Figure 16 shows nephograms of sound pressure values and sound pressure level values at the frequency of 8000 Hz. From the figure, it can be found that the noises radiated by SWBSRM at different field points are different, when the frequency is 8000 Hz, the electromagnetic force wave frequency is consistent with the natural frequency of the motor. At this time, resonance occurs, and the noise is the largest. The maximum value is 44.131 dB.
CONCLUSION
In this paper, a complete model of electromagnetic field, structural vibration, and noise radiation is established for the main causes of SWBSRM electromagnetic vibration and noise. The magnetic flux density in the air gap and the amplitude and frequency of the radial electromagnetic force wave are analyzed, and then the modal analysis of the stator structure is carried out, and its natural frequency and mode shape are obtained. Through harmonic response analysis and sound pressure analysis, the vibration response of the motor and noise sound pressure radiated therefrom are obtained. According to the simulation results, it can be concluded that when the radial electromagnetic force is large, the vibration deformation and noise are also relatively large. When the electromagnetic force wave frequency and inherent frequency of the motor are identical, the resonance occurs, and the noise is the largest at this time. In summary, the results of electromagnetic vibration and noise analysis are consistent with the previous estimates. The results show that the established model and analysis method are correct and feasible. The same method can be used to deal with other types of motors, which has certain guiding significance for motor optimization design and prediction of motor vibration and noise.
